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INTRODUCTION

Magnetoelectric
1 random access memory (MERAM), i.e., electric field (E-field)-controlled magnetic random access memory (MRAM) 2 has been proposed to drastically reduce the write energy in the recording process, which is important for further miniaturization. The MERAM element 3, 4 combines bilayered ferromagnetic films (the free layer and pinned layer in a spin-valve structure) with a ferroelectric layer based on the giant magnetoresistance (GMR) effect or tunneling magnetoresistance (TMR) effect. Recently, many publications [5] [6] [7] [8] [9] [10] [11] [12] [13] have studied the E-fieldcontrolled magnetization change in the multiferroic heterostructures, [14] [15] [16] which consist of a monolayer magnetic film and ferroelectric 17 layer. However, much less studies have been done on the bilayered ferromagnetic films.
Liu et al. 18 investigated E-field-controlled magnetization of the free layer Co in FeMn/Ni 80 Fe 20 /Cu/Co/PZN-PT heterostructure, where a magnetoresistance (MR) change was also demonstrated based on GMR. A minimum and maximum MR were measured when magnetic alignment of adjacent Co and NiFe layers was parallel and antiparallel, respectively. However, the magnetization and magnetic anisotropy changes vanished and the MR returned to the initial state after the E-field was removed. In other words, two different stable magnetization states at zero magnetic and electric field did not exist and therefore the device would only work if a constant E-field was applied for one of the two magnetization arrangements. This is clearly not practically useful for novel memory and logic device applications. Recently, non-volatile magnetization changes induced by the E-field have been demonstrated in monolayer magnetic films' multiferroic heterostructures, such as CoPd/PZT, 12 Ni/ PZT, 19 FeGe/BiScO 3 -PbTiO 3 , 20 Ni/PMN-PT, 21 and Co/ PMN-PT. 22 Wu et al. 21 demonstrated the giant non-volatile magnetic remanence change (DM r /M s ) of 50% in Ni/(011) PMN-PT heterostructures because a large remanent strain of þ1220 ppm was created when the E-field was only changed within a specific small regime (À0.14 MV/m-0.6 MV/m). Yang et al. 22 reported the reversible and non-volatile rotation of magnetization in the Co/(001) PMN-PT heterostructures. The magnetic easy-axis (MEA) of the circular Co film rotated gradually from the direction [010] to [100] and remained stable after the E-field was removed. The experimental results were attributed to the giant strain from a phase transition from rhombohedral to monoclinic in the PMN-PT when the E-field was applied. In addition, the monoclinic phase induced by the E-field could remain stable after the Efield was removed. 22 Therefore, the next step is to demonstrate the E-fieldcontrolled non-volatile DM r /M s in bilayered ferromagnetic films. In this study, we demonstrate a new non-volatile magnetization change in bilayered Co 50 Fe 50 (CoFe)/Metglas magnetic films on (001)-oriented PMN-PT where the asgrown magnetic anisotropy is altered permanently. When an E-field from À6 kV/cm to 0 kV/cm is applied, the MEA is along the [100] direction of the PMN-PT, while when the opposite E-field from þ6 kV/cm to 0 kV/cm is applied, the MEA becomes along the [010] direction of the PMN-PT. Two stable distinct magnetization states induced by the E-field are obtained, essential for the applications of the novel memory and logic devices. In this study, we also demonstrate the large magnetization changes in CoFe/Metglas/ (011) PMN-PT heterostructures. The bilayered films also show excellent soft magnetic properties with high magnetostriction due to an extremely low coercive field (H c % 1. The substrates were polled at an E-field of 5 kV/cm for 10 min through the thickness before being used, which is to ensure the substrate has a converse piezoelectric effect, i.e., the E-field is able to induce a strain in the substrate. Magneto-optical Kerr effect (MOKE) measurements were used to investigate magnetic properties when a series of dc E-fields were applied to the substrates, as shown in the schematic in Fig. 1 . The normalized remanent magnetization (M r /M s ) and anisotropic field (H k ) were taken from the magnetic hysteresis loops. The H k was taken at the M/M s ¼ 1. The effective saturation magnetostriction constants (k) were measured using a technique 27 based on the Villari effect. Cross-sectional transmission electron microscopy (TEM) specimens were prepared by Focused Ion Beam (FIB) in FEI Quanta 200 3D and observed on both FEI Tecnai T20 and Jeol 2010F operating at 200 kV.
RESULTS AND DISCUSSION
To understand the microstructure of the magnetic films and interfaces in the heterostructure, cross-sectional TEM was undertaken. Fig. 2(a) gives a bright field TEM image of the cross-section, while (b) and (c) give high-resolution TEM (HRTEM) images and selected area electron diffraction (SAED) pattern (d). The interface between the amorphous Metglas film and the PMN-PT (Fig. 2(b) ) is welldefined and smooth, while that between the Metglas film and the CoFe film (Fig. 2(c) ) is much rougher. The CoFe film still shows a polycrystalline structure with an out-of plane [110] texture even on the amorphous layer, as shown in Fig. 2(d) . Fig. 3 shows a strong ME coupling in all samples of both (001) (Fig. 3(a) ) or [01-1] (Fig. 3(e) ) due to a compressive strain along [100] and positive magnetostriction constant (k). As shown in Fig. 3(c) , the k of the bilayered magnetic films increases from 35 6 5 ppm to 60 6 10 ppm when the Metglas thickness is greater than 6 nm, which may be attributed to a negative interface effect 28 removed by Metglas underlayer between CoFe and substrate. In addition, the k of the bilayered magnetic films (65 nm CoFe/24 nm Metglas and 30 nm CoFe/12 nm Metglas) is similar at around 60 ppm. However, the thinner bilayered films show stronger ME coupling than the thicker bilayered films, as shown in Figs. 3(d)-3(f) , which is consistent with the previous investigation 29 on the effect of magnetic layer thickness on ME coupling. Reducing the magnetic layer thickness can cause the reduction in the strain relaxation and thus increase the ME coupling. In the 30 nm CoFe/12 nm Metglas/(011) PMN-PT sample, a maximum DM r /M s is measured along the [100] direction of 80% at the applied E-field of 10 kV/cm, while along the [01-1] direction DM r /M s is 60% at the applied E-field of only 5 kV/cm, corresponding to a giant ME coupling constant 30 a ¼ l o DM r /E ¼ 2.9 Â 10 À6 s/m, which is much larger than 1.6 Â 10 À7 s/m, 31 heterostructure, more detailed magnetization change induced by the E-field is discussed as follows in Figs. 4-7. Fig. 4 shows an angular dependence of the M r /M s and H k in the 65 nm CoFe/24 nm Metglas/(001) PMN-PT sample. The 0 corresponds to the [010] direction of PMN-PT substrate. The magnetic anisotropy in both M r /M s and H k is weak without the applied E-field. With the increasing E-field to þ3 kV/cm and þ6 kV/cm, the anisotropy is steadily strengthened. At the maximum E-field of þ6 kV/cm, the bilayered magnetic films show a uniaxial anisotropy. 6 a large change M r of 44% was also observed when external magnetic field was along in-plane direction. However, the reason why the in-plane biaxial strain can induce the large in-plane anisotropy change was not explained in these reports. Here, we think the magnitude of the compressive strains along [100] and [010] should be different, which leads a total compressive strain along a sole direction. Therefore, the uniaxial anisotropy is induced by the biaxial compressed strains 25 with an estimated total compressive strain (D E ¼ À0.07% (Refs. 5 and 32)) along [100] at applied E-field of 6 kV/cm.
Figs. 5(a) and 5(b) show the electrical dependence of the M r /M s and H k along [010] direction with two opposite sweeping fields from þ6 kV/cm to À6 kV/cm and from À6 kV/cm to þ6 kV/cm, respectively. The arrows indicate the direction of the E-field sweeping. The changes in M r /M s and H k show typical "butterfly" curves dependence on the Efield, which resembles curves of piezoelectric strains against the E-field change, 22 suggesting that piezoelectric strains induce strong ME coupling through the inverse magnetostrictive effect. The sharp valleys and peaks of the curves in Fig. 5 are caused by a large nonlinear strain jump below the ferroelectric coercive field (E c % 2 kV/cm), which is attributed to the reorientation of non-180 ferroelectric polarization. 21 The comparable change ratios of M r /M s , H k , and H c to the initial values are 71%, 76%, and 69%, respectively. In addition, a non-volatile magnetization change is demonstrated, as shown in Fig. 5(a) . Two distinct bistable magnetization states "1" and "2" are created by the different direction of the sweeping E-field and also can be reversibly switched by the E-field. Therefore, these can be directly read out electrically by magnetotransport measurements, which demonstrate the potential for the MERAM memory cell application. A short voltage impulse can change the magnetization without continuous E-field needed and an opposite voltage signal can return the magnetization to the other state. This may be typically utilized to develop fast, low-power and high-density information storage device by E-field instead of the H-field generated by bulky and energyconsumed electromagnets.
Figs tendency, which is consistent with previous reports. 5, 29, 32 The positions of valleys and peaks along [100] and [010] are the same, with þ0.5 kV/cm in Fig. 6(a) and À0.75 kV/cm in Fig. 6(b) . In addition, it is noted that the value of M r /M s does not return to the as-grown value after removing the E-field, but remains a permanent change in magnetization state and anisotropy, which suggests that the E-field creates two stable remaining strain states which are transferred to the bilayered magnetic films due to the elastic coupling.
A hysteresis loop of MR measured along [100] as a function of the applied E-field is demonstrated in Fig. 7 . When the E-field changes from À2 kV/cm to 1.75 kV/cm or from À0.75 kV/cm to À1.75 kV/cm, the magnetization is along [100], while when the E-field changes from 6 kV/cm to À0.75 kV/cm or from 1.75 kV/cm to 6 kV/cm, the magnetization is along [010], as shown in Fig. 7 . Based on the anisotropic magnetoresistance effect (AMR), when the magnetization is parallel to a test current, a low MR is measured, while when the magnetization is perpendicular to the test current, a high MR is measured. On the other hand, when a non-magnetic metal layer is introduced between the bilayered magnetic films, based on the GMR effect, the low MR is measured when magnetization in the free magnetic layer is parallel to that in the pinned magnetic layer, while the high MR is measured, when magnetization in free magnetic layer is anti-parallel to that in pinned magnetic layer. The parallel and anti-parallel magnetization between the free layer and the pinned layer is easy to achieve by choosing ferromagnetic films with obvious different k. In this study, we only focus on E-field controlled bilayered magnetic films.
In summary, strong ME coupling was observed in all these heterostructures based strain mediated mechanism. The giant ME coupling constant a ¼ 2.9 Â 10 À6 s/m was demonstrated in 30 nm CoFe/12 nm Metglas/(011) PMN-PT heterostructure due to the improved k and reduced magnetic layer thickness. The non-volatile magnetization change was shown in CoFe/Metglas/(001) PMN-PT heterostructure. Two new created bistable magnetization states could be reversibly switched by an E-field, while the as-grown state was permanently altered. Based on GMR or AMR, the MERAM memory cell was proposed for the fast, low-power, and highdensity information storage.
